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I I. CBJECTIVE 

I The object ive of th i s  program was t o  study t h e  react ion of carbon monoxide 

and hydrogen, under a va r i e ty  of conditions, t o  y i e ld  w a t e r  and a carbon- 

containing material, preferably methane. 

permit a preliminary evaluation of t h i s  reaction as a s t ep  i n  the reduction of 

s i l i c a t e  mater ia ls  ( lunar r a w  material) t o  produce oxygen. 

Suff ic ient  data  was t o  be obtained t o  

, 

I 11. SUMMARY, CONCLUSIONS, AND IIEC9MMETJDATI3XS 

A. SUMMARY 

1. Task 1, Design 

I Task 1 was devoted t o  t h e  design of bench-scale equipment f o r  
, use i n  determining t h e  f e a s i b i l i t y  of t h e  first and second s t eps  i n  the Aerojet 

I 

l 

I 

carbothermal process f o r  t h e  manufacture of oxygen from lunar  minerals. 

a. A s m a l l  r eac to r  (10 scfh of reactant  gas )  f o r  t h e  reduc- 

t i o n  of carbon monoxide with hydrogen was designed. Maximum f l e x i b i l i t y  of 
1 operation was stressed t o  provide t h e  a b i l i t y  t o  operate a t  temperatures of 200 

t o  9OO0C, a t  pressures of 1 t o  7 atm, and a t  hydrogen/carbon monoxide mole r a t i o s  

ranging from 1:l t o  4:l. 
I 

b. A s m a l l  reactor  (50 cc rock capaci ty)  was designed f o r  
, t h e  reduction of na tu ra l  s i l i c a t e  rock with methane. A 10 kva induction furnace 

0 w i l l  be u t i l i z e d  t o  provide react ion temperatures up t o  2200 C. 

2. Task 2,  Fabrication 

Task 2 was devoted t o  t he  construction of t he  bench-scale 

equipment f o r  t h e  study of the second s t e p  of the process ( i . e . ,  the reduction 

of carbon monoxide w i t h  hydrogen). The catalyst  chamber was fabricated from a 
I 
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Type 316 s t a in l e s s  s t e e l  f in- tube i n  order t o  withstand t h e  high temperatures and 

high heat  f luxes required.  

used wherever poss ib le  i n  order t o  simplify and speed construct ion.  

Stan&ard i n d u s t r i a l  and labora tory  equipment were 

3. Task 3, 'Testing 

This task  was devoted t o  proving t h a t  t h e  tes t  equipment would 

Tests  were made which demonstrated t h a t  t h e  equip- perform according t o  design. 

ment can be operated successful ly  a t  temperatures from 200 t o  900°C, and a t  

pressures  from 1.0 t o  7.0 a t m .  

sec t ions  were cont ro l lab le  t o  -2 C with a d i f f e r e n t i a l  of t20O0C. An i n i t i a l  

charge of ca t a lys t  w a s  successful ly  reduced and ac t iva ted  by flowing hydrogen 

through it a t  temperatures up t o  45OoC f o r  5 hours. 

demonstrated t h a t  t he  equipment w a s  capable of y ie ld ing  exce l len t  da t a  f o r  t he  

intended research. 

The temperatures of t he  th ree  c a t a l y s t  bed 
r O  

Three preliminary runs 

4. Task 4 ,  Data Acquisit ion 

Task 4 w a s  devoted t o  obtaining da ta  on t h e  reduction of carbon 

monoxide with hydrogen. Three d i f f e r e n t  c a t a l y s t s  were evaluated. I n  addi t ion,  

a se r i e s  of runs was  made t o  determine ( a )  how various impuri t ies  i n  the  r eac t an t  

gas a f f ec t  ca t a lys t  a c t i v i t y ,  arid ( b )  t he  f e a s i b i l i t y  of accomplishing t h e  reduc- 

t i o n  without a ca t a lys t .  

a. Catalyst  C-0765-1005 

A s e r i e s  of 26 successful  data-producing runs was made 

with Catalyst  C-0765-1005 (25% M i  on 4 t o  8 mesh s i l i c a  g e l ) .  O p t i m u m  operating 

conditions f o r  t h i s  c a t a l y s t  were found t o  be as follows: space ve loc i ty ,  

approximately 1000 hr-'; hydrogen/carbon monoxide mole r a t i o ,  4: 1; c a t a l y s t  bed 

pressure, 6 a t m ;  and ca t a lys t  bed temperature, approximately 425OC. Under these  

conditions,  carbon monoxide conversions were grea te r  than 99.846, y i e lds  of water 

and methane were grea te r  than 99$, and y i e lds  of carbon dioxide were l e s s  than 

1%. 
product water o r  gases. 

t h e  ca ta lys t  as carbon. 

NO o ther  hydrocarbons o r  oxygenated compounds were found i n  e i t h e r  t h e  

Less than 0.1% of t h e  carbon monoxide w a s  deposited on 
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I b. Catalyst C-0765-1001 

I 

r greatly superior to Catalyst c-0765-1005. Nearly complete conversions were 

A series of 12 data-producing runs was made with Cata- 

lyst C-0765-1001 (50$ Ni on kieselguhr, 1/8-in. -dia pellets). This catalyst was 

obtained under the following conditions: 

hydrogen/carbon monoxide mole ratio of 4:l;  atmospheric pressure; and a reaction 

temperature of only 250°C. 

reduced to 3:l  at 6.1 atm, 1000 hr-l space velocity, and 25OoC while still main- 
taining nearly complete conversions (CH4 and R20 yields of gg$t, C02  yield of 

less than 1%). 
contained more than 9 6  methane and less than 0.5% carbon dioxide. 

space velocities of 2000 hr-’; 

: . 
The hydrogen/carbon monoxide mole ratio could be 

I 

At the 3:l hydrogen/carbon monoxide mole ratio, the product gas 
I 

Pressure drop across the catalyst was low (less than 1 in. 

The pressure drop did not of water AP with 1000 hr-l space velocity and 6.1 atm). 
build up with time, and no carbon was found deposited on the catalyst. The 
catalyst was still active when it was removed after 110 hours of operation. A 

deep (38.5 in.) catalyst bed was required to obtain nearly complete conversion of 
the carbon dioxide (produced in the top of the catalyst bed) when the low 
hydrogen/carbon monoxide mole ratio was used. 

c. Catalyst C-0765-1003 , 

This catalyst, Which contained about 153 nickel deposited 
on kieselguhr (5/32-in. extruded pellets), was found to be intermediate in 

activity between the first two catalysts tested. 
250°C, but was quite active at 35O0C. Increasing the catalyst bed temperature to 

400 C did not increase the conversion of carbon dioxide into methane a d  water at 

a hydrogen/carbon monoxide mole ratio of 3: 1. 

The catalyst was not active at 

0 

d. Bare Tube 

A series of four runs was made without catalyst (bare 

tube) in the reactor. 
space velocity of 550 hr-’; pressure of 6.1 atm; hydrogen/carbon monoxide mole 
ratio of 3.7:l; and temperatures of 500 to 900°C. 

carbon monoxide conversion was only about 444 at 7OO0C; about 1 5  to 253 of the 
conversion was to carbon dioxide rather than to methane and water. 

These runs were made under the following conditions: 

The data show that the maximum 



e. Impuri t ies  I 
Three series of runs were made with t h e  best c a t a l y s t  I 

(C-0765-1001) i n  which impuri t ies  were purposely added t o  t h e  r e a c t a n t  hydrogen 

gas.  

COS) i n  the hydrogen stream. I n  t h i s  t i m e  more than 3 g of s u l f u r  (equivalent  t o  

3.9 w t k  o f  t h e  nickel  i n  the  c a t a l y s t )  was charged t o  t h e  r eac to r .  Although t h e  

top  t h i r d  o f  t h e  r eac to r  had absorbed near ly  a l l  of t h e  s u l f u r  and w a s  near ly  

deactivated,  t h e  remaining two-thirds of t h e  r eac to r  continued t o  operate with 

only a small decrease i n  conversion and y i e l d s .  I 

, 
A run of 22 hours durat ion w a s  made with 59 g ra ins  of sulfur/lOO s c f  (as 

I , 

, 

A run of 10 hours dura t ion  with 1 vel$ ni t rogen oxide ( N O )  

i n  t h e  hydrogen r eac t an t  gas demonstrated t h a t  t h i s  ni t rogen oxide does not damage 

t h e  c a t a l y s t .  

ammonia would have t o  be removed from t h e  product gases and the  hydrogen recovered 

f o r  a lunar process. 

However, t h e  oxide i s  reduced (75 w t $  t o  NH 25 w t $  t o  N 2 ) ;  t h i s  3’ 

A run of less than 3 hours durat ion with 0.5 mole& phos- 

phine (F” ) i n  t h e  hydrogen reac tan t  gas demonstrated t h a t  phosphorus is  a n  

a c t i v e  ca t a lys t  poison which w i l l  have t o  be removed from t h e  reac tan t  gases.  

Approximately one-half of t he  c a t a l y s t  bed was deact ivated and i t s  pressure drop  

increased g r e a t l y  during t h e  sho r t  run. 

3 

. 
Carbon dioxide and water i n  t h e  amounts normally present  

i n  t h e  c a t a l y s t  bed were not found t o  be harmful. A low concentration of nitrogen 

(0.5% N 2 )  p resent  i n  t h e  carbon monoxide reac tan t  gas d id  not harm t h e  c a t a l y s t .  

5. Task 5 ,  Process In tegra t ion  

This t a sk  w a s  devoted t o  i n t e g r a t i n g  t h e  var ious s t eps  of t h e  

o v e r a l l  process so  as t o  obta in  a l o g i c a l  p l a n  of development. The Aerojet  carbo- 

thermal process f o r  t h e  manufacture of oxygen from lunar  materials i s  a three-s tep  

process i n  which hydrogen and methane are continuously recycled, and oxygen and 

s l a g  are the major products. The f i r s t  s t e p  i s  t h e  reduct ion of lunar  s i l i c a t e  

Inater ia l  with methane t o  form hydrogen, carbon monoxide, and s l ag .  The second 

s t e p  i s  the reduct ion of t h e  carbon monoxide with hydrogen t o  y i e l d  methane f o r  

recyc le  and water. The water i s  e lec t ro lyzed  i n  the t h i r d  s t e p  t o  y i e l d  oxygen 

(product ) and hydrogen f o r  recycle .  
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The f e a s i b i l i t y  of t h e  second s t e p  has been thorougnly demon- 

s t r a t e d  i n  t h i s  program; equipment f o r  t he  first s t ep  has been designed on t h i s  

program and t h e  f e a s i b i l i t y  of t he  process will be demonstrated OR an extension 

t o  t h e  program. The next l o g i c a l  s t ep  i n  the development of t he  pracess i s  

in t eg ra t ion  of Steps 1 and 2 i n t o  a C9ntinUOus process. 

an in tegra ted  process w a s  developed. 

1 

I 

A flow diagram far such 

1. The object ives  of t h e  program have been achieved. The f e a s i -  

b i l i t y  of t he  quan t i t a t ive  reduction of carbon monoxide with hydrogen t o  form 

methane and water u t i l i z i n g  a modified Fischer-Tropsch synthesis  w a s  unequivo- 

I c a l l y  demonstratefl. 

2. Reaction conditions were found whieh y i e ld  ( a )  v i r t u a l l y  

I quan t i t a t ive  conversion of carbon monoxide t o  methane and water, ( b )  carbon 

dioxide i n  less than 1.%, ( c )  negl ig ib le  carbon formation, ( d )  methane as t h e  

exclusive organic product, and ( e )  a 9 6  methane concentration i n  the  product gas. 
I 

3 .  An exce l len t  nickel-containing c a t a l y s t  was fomd  which achieves 

these  exce l len t  results a t  low ca t a lys t  bed temperature and pressure and high 

space ve loc i ty  (25OoC, 1.0 t o  6.0 a t m ,  and 1000 h r - l ) .  
I 

4. The uncatalyzed reduction of carbon monoxide with hydrogen does 

not produce s u f f i c i e n t l y  high y i e lds  of methane an?. w a t e r  t o  warrant f u r t h e r  con- 

s idera t ion .  

y i e l d  of carbon dioxide w a s  in to le rab ly  high - 15 t o  25%. 

Maximum carbon monoxide conversion was only 44% a t  7OO0C and the  

5. Sul fur  and phosphorus compounds must b e  completely remaved from 

t h e  reac tan t  gases p r i o r  t o  contact with the c a t a l y s t  bed t o  obtain s u i t a b l e  

c a t a l y s t  l ife.  

6. The design of a bench-scale r eac to r  t o  determine t h e  f e a s i -  

b i l i t y  of t h e  f irst  s t e p  of t h e  process ( i . e . ,  t h e  reduction of s i l i c a t e  rock 

with methane t o  form carbon monoxide and hydrogen) i s  complete. 



The P-erojet carbothermal process has t h r e e  e s s e n t i a l  s teps:  (1) t h e  

reduction of s i l i c a t e  with methane t o  form carbon monoxide and hydrogen; ( 2 )  t h e  

reduction of carbon monoxide with hydrogen t o  form methane and water; and (3)  t h e  

e l e c t r o l y s i s  of  water t o  form hydrogen and oxygen. The process i s  c y c l i c  i n  

nature,  with t h e  methane and hydrogen returned t o  t h e  system. 

1. ?he determination of t h e  f e a s i b i l i t y  of Step 1 of t h e  process 

shou16 be s t a r t e d  promptly. 

2. The present  program ms not a b l e  t o  provide long-term a c t i v i t y  

da t a  f o r  t h e  candidate c a t a l y s t s  evaluated f o r  use i n  Step 2. Such data can be 

obtaiaed only by carrying out t h e  reac t ion  on a continuous b a s i s  over prolonged 

t i m e  periods (30 t o  90 days).  

t h e  mcre s u b t l e  e f f e c t s  of  impuri t ies  on c a t a l y s t  a c t i v i t y  and product y i e ld ,  

and more prec ise  mater ia l  balances for r eac t an t s  and products. The order ly  

development o f  t h e  Aerojet carbothermal process requires ,  therefore ,  t h a t  t h e  

carbon monoxide reduction reac t ion  be s tudied on an increased s c a l e  f o r  prolonged 

t i m e  periods, u t i l i z i n g  t h e  reac t ion  data determined on t h e  present  program as 

t h e  basis f o r  reac tor  design and f ab r i ca t ion .  This research should be s t a r t e d  

promptly. 

Such a study w i l l  a l s o  provide information on 

3. The separat ion of water i n t o  i t s  elements i s  required f o r  many 

o f  t h e  chemical cycles which w i l l  f i nd  use i n  e x t r a t e r r e s t r i a l  appl icat ions,  

including Step 3 of t h e  Aerojet  carbothzrmsl process.  E l e c t r o l y s i s  appears t o  

be t h e  only p r a c t i c a l  method f o r  t h e  decomposition of water. 

avai lable  equipment, however, cannot be u t i l i z e d  where l ight weight i s  required 

f o r  payload savings. I n  addi t ion,  e lectrode e f f ic iency  can be improved by 

judicious choice of  e lectrode materials. 

quires  t h a t  it be s tudied promptly. 

Commercially 

The importance o f  t h i s  reac t ion  re- 

111. TEC3n'Ic'AL DISCUSSION 

Research on t h e  f i rs t  increment of Contract NAS 7-22? w a s  i n i t i a t e d  

22 Apri l  1963 and completed 1 5  November 1963. 
tasks:  Task 1, resign;  Task 2, Fabricat ion;  Task 3, Testing; Task 4, Data 

Pcquisit ion; Task 5 ,  Process Integrat ion;  and Task 6, Reports. 

The program was divided i n t o  s i x  
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The l i terature on t h e  reactiorr of carbon monoxide with hydrogen was 

s tudied  with ca re  during t h e  program period. Due t:, the  copious amount of  work 

which has been doce on t h e  many face ts  of' th is  reac t ion  and t h e  rbpid pbce with 

which the  program wzs required t o  move, it was necessary t o  r e l y  heavi ly  on 

previous literature surveys. 

found t o  be of p a r t i c u l a r  value as a ids  i n  lccst 'ing the most recec t  pe r t inen t  

work. 

TWO l i t e r a t u r e  reviews (References 1 and 2 )  were 

Reference 1 contains  a wealth of thermodynamic dsta f o r  t h e  reac t ions  

+ n B  0 2 " 2  '<n 2n+2 

and severa l  r e l a t e d  reac t ions  producing a var ie ty  of o ther  products. 

Reference 2 i s  a b ib lkgraphy containing 3711 abs t r ac t s  of  papers 

and 4017 abs t r ac t s  of patents .  These s o u e e s  w e r e  he lp fu l  i n  loca t ing  the most 

recent  l i terature (References 3 through 7) on t h e  re-- aLt ion  t o  form methane as a 

primary prodnct. Inves t iga t ion  5137 of t h e  U.S. Eureau of  Mines was very he lpfu l  

i n  t h e  design of t h e  equrpment and i n  t h e  choice of t he  ca t a lys t s .  

appeared t o  be the most recent  of s ign i f icant  work 01: the reac t ion  and is repre-  

s en ta t ive  of  t h e  state of t h e  art  before the  present  program was i n i t i a t e d .  

T h i s  repor t  

Although much work was devoted t o  s tud ie s  by o thers  on the  Froduction 

of methane, such work was di rec ted  toward object ives  which are considerably d i f -  

f e r e n t  from t h e  objec t ives  of t h i s  program. 

hydrocarbon product of  commercial i n t e r e s t  and had l i t t l e  regard f o r  water pro- 

duction o r  precise material balances. Because t h i s  inves t iga t ion  was concerned 

with a r eac t ion  intended f o r  use on t h e  lunar surface,  water became an important 

product, a d  loss  of  carbon, hydrogen, and oxygen i n  t h e  reac t ion  wds a c r i t i c a l  

f a c t o r  t=, be considered. 

literature was reviewed t o  s e l e c t  da ta  f o r  design, construct ion,  and operat ing 

conditions o f  the flow apparatus. 

Previous inves t iga tors  sought a 

These broad objectives were borne i n  mind when the 



B. TASKS 1 AND 2, DESIGN AND FABRICATIGN 

1. Design of the Reactor for the Reduction of 
Carbon Monoxide with Hydrogen 

The equipment used in the study of the reaction of carbon 

monoxide with hydrogen was designed to allow maximum flexibility in operating 
conditions. 
because of its high temperature strength, resistance to corrosion, and nickel 
content. The U.S. Bureau of Mines (Reference 3) used carbon steel chambers in 
its laboratory scale equipment. 

Type 316 stainless steel was chosen as the reaction-chamber metal 

Figure 1 is a schematic flow diagram of the hydrogen-carbon 

monoxide reactor designed for this investigation. Heat dissipation is one of 
the major problems associated with the reaction as it is highly exothermic. 

This problem was minimized by making the reaction chamber (1) 
(0.527 in. ID) in relation to its length (38.5 in.). 
large surface area for cooling and a minimum distance for the reatting gases to 

travel from the center of the chamber to the cooling surface. Fins were provfded 
on the outside of the tube to furnish additional cooling surface. For convenience, 
air was used as the cooling fluid. In a lunar installation, a fluid such as 

Dowtherm or a molten salt, would be recirculated through an exchanger or radiator 
to dissipate the heat of reaction. 

* small in diameter 
This design provided a 

The reaction chamber was divided into three separate sections 

for temperature control. Each section was provided with an electrical heating 

unit (2) and a separate air-cooling system. This provided the unit with capa- 
bility for adjusting the temperature profile of the reactor as desired. 

Commercial grade hydrogen and carbon monoxide from compressed 
gas cylinders were used in these studies. Two-stage pressure-reducing regulators, 
needle valves and rotameters, or orifices and manometers, were used to control 
the flow rates. 

which was operated by an automatic pressure recorder and controller (not shown). 

The pressure on the reactor was controlled by a motor valve (11) 

)c 

Numbers refer to coding system used in Figure 1 to label reactor components. 
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~ E l e c t r i c  hea te rs  (3) w e r e  provided f o r  each of the  two feed-gas 

streams f o r  c lose  temperature control .  

(5 ) ,  and a hea ter  (3)  were provided f o r  the  gas recycle  stream. 

was cooled and passed through t h e  condenser (8).  
and co l lec ted  i n  a rece iver  (9) and then measured (10). 

gas w e r e  co l lec ted  f o r  ana lys i s  (12) and the ou t l e t  gas volume was neasured with 

a w e t  tes t  meter (13). 

A small gas compressor ( 7 ) ,  a rotameter 

The o u t l e t  gas 
~ 

The condensate was separated 

Samples of  the o u t l e t  I 
I 

I 

I 
I 

I 

Chromel-Alumel thermocouples (4)  were used t o  measure the  

Skin thermocouples (thermocouples welded t o  the  c a t a l y s t  bed temperatures. 

ou ts ide  of the  tube)  were used t o  measure the  intermediate bed temperatures. 

I n l e t ,  o u t l e t ,  and two midpoint bed temperatures were sensed by thermocouples 

immersed i n  t h e  gas stream. The teEperatures were measured and recorded by a 

24-point s t r i p  cha r t  recorder.  
I 

Sample connections were provided a t  t h e  l / 3  and 2/3 intermediate 
I 

po in t s  i n  t h e  c a t a l y s t  bed. 

tubes welded t o  the chamber wa l l .  

These connections cons is t  of 1/4-in.  stainless steel  
~ 

2. Fabricat ion of t h e  Reactor f o r  the Reduction of 
Carbon Monoxide with Hydrogen 

The c a t a l y s t  tube (bed) was fabr ica ted  from a 4 - f t  p iece  of 

5/8-in. OD, 0.049-in. w a l l ,  316 stainless s t e e l  tube. Three 1- f t  sec t ions  of 

s t a i n l e s s  steel ( ser ra ted ,  1-1/4 in .  OC, 4 f i n s / f t )  f i n s  were at tached t o  the  

outs ide of t he  tube. 

s t ruc t ion .  I n  t h e  photograph, the lower heating un i t  i s  being i n s t a l l e d  a t  the 

bottom of the tube. The lower a i r  i n l e t  connection m s  i n s t a l l e d  as shown. It 

i s  p a r t l y  covered by insu la t ion .  

around t h e  stainless steel  f in s ,  and leaves a t  t h e  top  of each heat ing un i t .  

Figure 2 i s  a photograph of t he  reac t ion  un i t  under con- 

The cooling air en te r s  a t  the bottom, flows up 

The carbon monoxide, hydrogen, and recycle  gas prehea ters  can 

be seen a t  t h e  top  of t h e  photograph. 

hea te rs  were later i n s t a l l e d  on the  preheaters.  

(lower r i g h t  of photograph) i s  constructed of a 3-f t - long c o i l  of 3/8-in. s t a i n -  

less steel  tubing i n  a 4-111. 03 s t a i n l e s s  steel jacket .  

are made from standard l25-ml s t a i n l e s s  s t e e l  sample containers .  

E l e c t r i c  heaters similar t o  the  bed 

The product gas cooler-condenser 

The condensate separa tors  



Figure 3 i s  a photograph of t h e  completed reac t ion  un i t .  The 

r eac to r  and preheaters have been covered with a 3-in.  l a y e r  of i n s u l a t i o n  and a 

s t a i n l e s s  s t e e l  jacket.  

and o r i f i c e s  (not shown) t o  c a l i b r a t e  t h e  flows of t h e  r eac t an t  gases and t o  

measure t h e  product gas. The condensate was co l lec ted  i n  a. 250 m l  f l a s k  which 

was per iodica l ly  weighed. 

t o  mount t h e  major instrumentation, including r eac to r  bed pressure ind ica to r -  

control ler ,  r eac to r  bed pressure drop recorder,  temperature recorder (24-point 

s t r i p  cha r t ) ,  r eac to r  c a t a l y s t  bed temperature con t ro l l e r s ,  r eac t an t  gas preheater  

control lers ,  and pressure gages. Two-stage pressure-reducing r egu la to r s  were 

mounted on t h e  gas cyl inders  (not  shown). The two reac t an t  gas rotameters and 

o r i f i c e s  and manometers a r e  mounted on t h e  bench rack back of t h e  panel board. 

The three cooling air rotameters and needle valves a r e  a l s o  located on t h e  bench 

rack t o  t h e  l e f t  of  t h e  r eac to r  (behind t h e  panel board).  

A w e t  t e s t  meter (lower r i g h t )  w a s  used with rcltameters 

A panel board ( l e f t  s i d e  of photograph) w a s  i n s t a l l e d  

N 

C .  TASK 3, TESTING 

1. Equipment Operational L i m i t s  

A series of sho r t  tes ts  was made on t h e  equipment i n  order t o  

determine i t s  operating l i m i t s  and c h a r a c t e r i s t i c s .  

preheaters and through t h e  r eac to r  (no c a t a l y s t )  t o  e s t a b l i s h  t h a t  reac t ion  

Argon w a s  used through both 

temperatures as high as 900°C can be obtained. 

t h r e e  c a t s l y s t  bed sect ions can e a s i l y  be control led independently t o  within as 

l i t t l e  as 22'C o r  t o  as much as ?20O0C of each other .  

The temperature on each of t h e  

The c a t a l y s t  bed pressure-control system was found t o  operate  

With minor changes t h e  equip- s a t i s f a c t o r i l y  a t  pressures  up t o  about 90 psig.  

ment can be made t o  funct ion from 7 p s i a  up t o  265 ps i a .  

can be accurately measured and control led a t  rates as low as 0.5 scfh and as 
high as 10 scfh.  

Reactant flow rates 

2. Catalyst  Reductions 

After t h e  apparatus was tested f o r  gas leaks a t  100 psig,  t h e  

reac tor  tube w a s  f i l l e d  with 138.5 cc (ca.  65 g )  of ca.talyst .  The bed tempera- 

ture was slowly r a i sed  t o  45OoC and then maintained between 350 and 450°C with 

1.0 a t m  of hydrogen passing over t h e  c a t a l y s t .  These conditions were maintained 
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I f o r  per iods up t o  48 hours. A sample of e x i t  gas was taken per iodica l ly  f o r  

water ana lys i s .  

regenerat ion was considered complete when t h e  water content of  t h e  gas dropped 

below 0.1 vel$. 
not i n  operation. 

The water content of t h e  gas iiecreased with t i m e ;  c a t a l y s t  

j 
Hydrogen (60 p i g )  was maintained i n  the  apparatus when it w a s  

I 

3. Preliminary Runs with Carbor Monoxide and Byarogen 

Several  highly successful preliminary tes t  runs were made 

using Cata lys t  C-0765-1005. These da ta  are presented i n  Tables 1, 2, and 3. 
These preliminary runs were made with a 4 :1  hydrogen/carbon monoxide mole r a t i o  

(2  scfh  of hydrogen and 0.5 scfh of carbon monoxide) a t  1.0 a t m .  

t u r e  p r o f i l e s  i n  t h e  c a t a l y s t  chamber w e r e  i r regular  bu t  the conversions and 

y i e lds  w e r e  good. 

individual  component balances, however, were not as good, ind ica t ing  t h a t  t he  

operat ing and ana ly t i ca l  techniques needed t o  be improved. 

The tempera- 

The ove ra l l  material balances w e r e  exce l len t  ( t o  51%). The 

I The operat ing data f o r  t h e  three preliminary runs are presented 

i n  Table 1; Table 2 presents  t h e  product gas analyses (mass spectrometer).  

hydrogen concentration i n  t h e  product gas varied from about 63 t o  TO’$ and the 

methane concentrat ion from about 25 t o  33%. 
monoxide mole r a t i o ,  the composition should be 5@ methane and 5 6  hydrogen. 

The carbon monoxide concentration vsr ied  from about 0.5 t o  0.2$, corresponding 

t o  carbon monoxide conversion of 98.6 t o  99.4%. The carbon dioxide concentra- 

t i o n  var ied from about 5 t o  18. Gnly inconclusive t r a c e s  of  C2 o r  heavier hydro- 

carbons w e r e  r a r e l y  found i n  the product gas. The mter which was condensed from 

t h e  product gas was c l e a r  and co lor less ;  vapor-phase gas chromstographic ana lys i s  

showed t h a t  no carbon-containing compounds were present .  

The 
I 

1 Ideal ly ,  with a 4 : l  hydrogen/carbon 
I 

Table 3 presents  the material balances and conversions f o r  t h e  

runs. 

methane w e r e  f a i r l y  good (81.7 t o  94.1%). 
90.18) and y ie lds  of carbon dioxide wepe gra t i fy ingly  low (3.2 t o  l O . 8 % ) ,  com- 

pared with up t o  25 o r  3 6  reported i n  the literature. Run 5 ,  with low tempera- 

tures i n  the  top  sec t ion  and high temperatures i n  the bottom sec t ion  of the bed, 

was found t o  give b e t t e r  y i e lds  of methane and water than  Runs 8 and 9, i n  which 

the  temperatures were a l l  a t  300 C o r  lower. 

Carbon monoxide conversions were very g o d  (98.6 t o  99.4%). Yields of 

Yields of  w a t e r  were good (85.5 t o  

0 

Page 11 



D. TASK 4, DATA ACQCISITIQN 

Three d i f f e ren t  c a t a l y s t s  were invest igated i n  order t o  determine t h e  

most e f f i c i e n t  one ava i l ab le  f o r  reducing carbon monoxide i n t o  methane and w a t e r .  

The e f f e c t s  of a bare tube on t h e  reac t ion  were explored, and t h e  e f f e c t s  of  

impurit ies i n  t h e  feed upon t h e  c a t a l y s t  were invest igated.  These s t u d i e s  w i l l  

now be discussed i n  t h e  order  i n  which they were c a r r i e d  out.  

I 

1. Catalyst  C-0765-1005 

A series of 26 successful  data-producing runs was made (Runs 

10 t o  13? 18 t o  33, and 35 t o  4 1 )  with t h e  C-0765-1005 c a t a l y s t  (25% N i  on 

IC t o  8 mesh s i l i c a  g e l ) .  

and 6, and Figures 4 t o  9. 
The da ta  f o r  t hese  runs a r e  presented i n  Tables 4,  5,  

a. Temperature 

Figure 4 i s  a p l o t  o f  t h e  d a t a  showing how c a t a l y s t  

temperature a f f e c t s  carbon monoxide conversion and y i e l d s  a t  a 4: 1 hydrogen/ 

carbon monoxide mole r a t i o  a t  atmospheric pressure and a 500 h r  space ve loc i ty .  

I n  t h i s  p l o t  t h e  normalized y i e l d s  were used (see Table 6 and discussion under 

Material Balances ). 

-1 

There are a t  least  two routes  which t h e  reac t ion  of 

carbon monoxide and hydrogen t o  y i e l d  methane can follow: 

2 CO + 2 H2 +CE4 + C02 AH = -61.12 Kcal" (1) 

CO + 3 H2 1 C H 4  + H20 AH = -51.31 Kcal" (2  1 

Reaction (1) y ie lds  carbon dioxide and Reaction ( 2 )  y i e l d s  water as t h e  secondary 

products. An excess of hydrogen enhances t h e  formation of t h e  products of 

Reaction ( 2 )  by promoting Reaction ( 3 ) ,  which consumes t h e  carbon dioxide 

produced by Reaction (1). 

C 0 2  + 4 H2 /CH4 + 2 S20 @H = -41.50 Kcal* 

3c 0 Heat of react ion calculated a t  227 C using JANAF data .  
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The d a t a  i n  Figure 4 
the  y i e l d  of methane 

show t h a t  as t h e  temperature i s  increased from 350 t o  425OC, 

and water increased and the carbon dioxide y i e l d  decreased. 

This would occur normally due t o  an increase in  the  reac t ion  rate with tempera- 

ture. 

y i e l d  of carbon dioxide increased. This .change ind ica tes  that  e i t h e r  t he  ca ta -  

l y t i c  a c t i v i t y  of the C-0765-1005 ca t a lys t  changes i n  such a manner as t o  favor 

carbon dioxide formation above 425 C, o r  t h e  chemical equilibrium f o r  t h e  ove ra l l  

reac t ion  s h i f t s  i n  favor of carbon dioxide formation a t  the  higher temperatures. 

The l a t t e r  seems unl ikely as t h e  formation of carbon monoxide, r a the r  than carbon 

dioxide, is favored by hign temperature. 

However, above 425OC the y ie ld  of' methane and water decreased and t h e  

0 

The second charge of cat ,alyst  (dot ted l i n e s  i n  Figure 4 )  
appeared t o  be more ac t ive  than the  first charge which was heated t o  higher 

temperatures i n  the preliminary runs. 

methane, and less than 1% carbon dioxide, were found t o  be obtainable  w i t h  

ac t ive  ca t a lys t .  

Excellent y i e lds  of 98 t o  9 9  water and 

b. Pressure 

Figure 5 shows the  e f f ec t  of c a t a l y s t  bed pressure on 

carbon monoxide conversion.and y ie lds .  

C-0765-1005 with a 4 : l  hydrogen/carbon monoxide mole r a t i o ,  a 1000 h r  

veloci ty ,  and a 45OoC bed temperature. 

monoxide conversion was v i r t u a l l y  complete a t  1 a t m ;  r a i s i n g  the  bed pressure 

t o  6 o r  7 a t m  increased t h e  carbon monoxide conversion only s l i g h t l y .  

increasing t h e  bed pressure had a dramatic e f f ec t  on product d i s t r ibu t ion :  

water y i e l d  increased from 87 t o  9 9 % ;  t h e  methane y i e l d  increased from 93 t o  

99%;  and t h e  carbon dioxide y i e l d  decreased from 7$ t o  less than  0.5%. 

A se r i e s  of runs was made with Catalyst  
-1 space 

Under these  conditions,  t he  carbon 

However, 

t h e  

I n  comparing the carbon monoxide conversion i n  the runs 

previous t o  Run 25 with those a f t e r  Run 25, the da t a  show tha t  t h e  later runs 

appear t o  have better carbon monoxide conversions. 

conversions i n  the f i rs t  25 runs are believed t o  be s l i g h t l y  low. The method of 

analyzing for carbon monoxide i n  the  product gas was changed from mass spectro- 

photometry t o  gas chromatography after Run 25. 

small amount of ni t rogen i n  t h e  carbon monoxide feed. 

The ac tua l  carbon monoxide 

It was found tha t  the re  was a 

T h i s  ni t rogen passed 
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through the, catalyst unchanged and caused the mass spectrometric analysis for 
I carbon monoxide to be 0.2 to 0.3% high. The gas chromatograph separates the I 

carbon monoxide from nitrogen and is sensitive to about 0.01% carbon monoxide. 
The mass spectrograph cannot perform a similar analysis nearly as easily and 

was not used for this determination after Run 25. 

I 

c. Hydrogen/Carbon Monoxide Mole Ratio I 

Figure 6 shows the effect of lowering t h e  hydrogen/carbon 

monoxide mole ratio on carbon monoxide conversion and product yields. Two series 
of runs were made, one at 1.0 atm pressure and a 500 hr space velocity, and one 
at 6.1 atm pressure and at 1000 hr-l space velocity. 
carbon monoxide mole ratio from 4:l to 3.1:l (at 500 hr 
1.0 atm) lowered the water and methane yields severely (95.9% to 78.5$, and 98.1% 
to 88.4%, respectively) while increasing the carbon dioxide yield ?-fold (2.1 to 

10.9%). At the same time the methane concentration of the product gas increased 
from 48.9 to 56.8% (see 'Table 5, Runs 20 and 21j, a relatively small change. 

-1 I 
Lowering the hydrogen/ 

space velocity am3 -1 

-1 The series of runs made at 1000 hr space velocity and 
Increasing the pressure at 6.1. atm catalyst bed pressure gave similar results. 

to 6.1 atm more than offset the increase in space velocity from 500 hr 
1000 hr-', so that the methane and water yields did not drop off quite as fast 
with decreasing hydrogen/carbon monoxide mole ratio as it did with the 1.0 atm 

runs. 
were required to reduce the carbon dioxide yield to am acceptable level (1 to 2%) 

-1 to 

At either pressure, hydrogen/carbon monoxide mole ratios of about 4:l 

Product gas composition (dry basis) is directly affected 

by the hydrogen/carbon monoxide mole ratio used. 
feed gas ratio would yield 100% methane and HO hydrogen, and a 4:l ratio would 
yield 5 q 0  methane and 50% hydrogen. 
upon catalyst activity, space velocity, pressure, temperature, etc. Figure 7 
shows how the actual product gas composition varied vs hydrogen/carbon monoxide 
mole ratio for Catalyst C-0765-1005 at 4503C, 6.1 atm, and 750 to 1000 hr 
space velocity. 

theoretical, but as the hydrogen/carbon monoxide mole ratio was lowered the 

For ideal conversion, a 3:l 

The actual product gas composition depecds 

-1 

At a 4:l ratio the product gas (46% CH4, 54% H2) approached 
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product gaq composition moved f a r t h e r  and farther from the theo re t i ca l .  

3.05:l r a t i o  t h e  product gas composition was only 6gq& methane and 25$ hydrogen 

A t  a 

I ( t h e o r e t i c a l  composition, %.4$ CH4 and 1.6% H2). Both carbon monoxide and 

carbon dioxide i n  t h e  product gas increased rapidly as t h e  hydrogen/carbon 

monoxide mole r a t i o  was decreased. 
I 

I d. Space Velocity 

Space ve loc i ty ,  as used i n  t h i s  repor t ,  i s  defined as 

t h e  reac tan t  flow rate (scfh)  divided by t h e  tube volume containing the c a t a l y s t  

(cu f t ) .  Increasing t h e  space ve loc i ty  from 500 t o  1000 hr  (at 1.0 a t m ,  4 : l  
r a t i o ,  and 45OoC) was found (see Figure 8 )  t o  decrease water and methane y i e ld  

appreciably (95.9 t o  89.4$, and 98.1 t o  90.346, respec t ive ly)  while d r a s t i c a l l y  

increasing the carbon dioxide y i e l d  (2.1 . t o  9.2$). The methane content of the 

product gas a l so  f e l l  (from 48.9 t o  3 3 . 7 $ ) .  
(at 4 : l  r a t i o  and 45OoC) ,  it was found possible  t o  obtain low carbon dioxide 

y i e lds  a t  th ree  t i m e s  the  space v e l o c i t i e s  (see Figure 9)  used a t  1.0 a t m .  

Figure 8 shows how increasing space ve loc i ty  a f f e c t s  carbon dioxide y i e lds  with 

severa l  low hydrogen/carbon monoxide mole r a t io s .  

-1 

A t  c a t a l y s t  bed pressure of  6.1 a t m  

e. Material Balance 

The ove ra l l  mater ia l  balances ( see  Table 6 )  var ied from 

I n  the  majori ty  of cases the  l o w  material balances are due t o  water 94 t o  103$. 

absorbed o r  condensed out  on t h e  ca t a lys t .  

s t a t i o n s  on the c a t a l y s t  bed which are below the water dew point .  

temperatures are caused by t h e  cooling a i r  which is  required t o  keep the  reac t ing  

zones a t  t h e  des i red  temperature. 

zone i s  then cooled below t h e  des i red  temperature. 

problem will be eliminated by providing more cooling f l u i d  i n l e t s  so that  only 

the  des i red  sec t ions  w i l l  be cooled. 

There are usual ly  a t  least one o r  twd 

The low 

The sect ion of c a t a l y s t  below t h e  r eac t ing  

I n  fu tu re  p l an t  designs t h i s  

Although r a the r  good material balances w e r e  obtained 

(*5$), the r a the r  small changes i n  water and methane y i e lds  vs an independent 

var iab le  w e r e  sometimes p a r t l y  obscured by the d i f fe rence  i n  material balance. 
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Because t h e  material balances vary somewhat above and below 100% an6 because t h e  

y i e l d s  a r e  d i r e c t l y  a f f ec t ed  'by material balance, it is  believed t h a t  it i s  

proper t o  normalize t h e  y i e lds  t o  10% elemental balance. 

,Three d i f f e r e n t  methods may be used t o  c a l c u l a t e  product 

The per pass y i e l d  i n  t h e  case of methane i s  (moles of  CH /moles of C C )  y i e l d s .  

(100); the a c t u a l  or ult imate  y i e l d  i n  t h i s  case i s  (moles of  CH4/moles of  C,? - 
moles of CO unconverted) (100). Due t o  t h e  inherent e r r o r s  i n  operat ing t h e  

apparatus with continuously metered inputs and outputs,  and with only i n t e r -  

mi t ten t  sampling of  gases f o r  analysis ,  it i s  possible  t h a t  a y i e l d  ca lcu la ted  

by t h e  above two methods may exceed 100%. Because a l l  of t h e  product appetired 

e i t h e r  i n  t h e  gaseous phase o r  as condensed water, a s  indicated by t h e  ana lys i s  

of  t h e  c a t a l y s t  bed a f t e r  operation, t h e  v a l i d  assumption was made t h a t  calcu- 

l a t e d  material  balances f o r  t h e  elements were i n  e r r o r  by the  amount they deviated 

from 100%. 

s i g n i f i c a n t  y i e l d  by making use of  t h i s  assumption. 

4 

Consequently, t h e  a c t u a l  y i e l d  of  any product was converted t o  a more 

An example of t h i s  conversion w i l l  now be given f o r  

R u n  13 (Table 6 ) .  
However, t h e  mater ia l  balance f o r  carbon was calculated t o  be 104% because t h e  

t o t a l  carbon i n  t h e  products w a s  found t o  be 7.469 g per hour whereas t h e  input 

rate w a s  only 7.17 g of carbon per how.  

of t h e  7.469 g of t o t a l  carbon. 

must be divided by 1.04 t o  br ing  t h e  t o t a l  carbon i n  t h e  product down t o  equal 

7.17 g. 
f ac to r .  

balance of major element) (100). 

The a c t u a l  y i e l d  of methane w a s  calculated t o  be 98.0%. 

The methane carbon amounted t o  6.954 g 

The amount of carbon i n  each of t h e  products 

Consequently, t h e  methane a c t u a l  y i e l d  must a l s o  be reduced by t h i s  

The normalized y i e l d  i s  thus calculated as ( a c t u a l  yield/% material 

The oxygen balance w a s  used t o  normalize t h e  water y i e l d  

because most of t h e  oxygen i n  t h e  reac t ion  products w a s  contained i n  t h e  water; 

t h e  carbon balance w a s  used t o  normalize the  methane y i e l d  because nearly a l l  

of  t h e  carbon i n  t h e  reac t ion  products w a s  contained i n  t h e  methane. Although 

t h e  differences between t h e  a c t u a l  y i e l d s  and normalized y i e l d s  were small, t h e  

normalized y i e l d s  gave a smoother p l o t  of t h e  data than d i d  t h e  a c t u a l  y i e lds .  



A l s o ,  t h e  qormalized y i e lds  approximated more c lose ly  the  methane and water re -  

l a t ionsh ip  which is  expected when only methane, water, and carbon dioxide a r e  

formed. 

The material balances were not corrected f o r  the  very 

small amount of carbon that was deposited on t h e  ca t a lys t .  

c a t a l y s t  after t h e  completion of Run 13 showed that an in s ign i f i can t  amount of 

carbon (0.1%) was deposited on t h e  top  t h i r d  of t h e  bed. 

Analysis of t he  

f .  Heat balance 

The equipment used i n  these s tud ie s  w a s  not designed t o  

give accura te  heat balances. Accurate heat balances a r e  extremely d i f f i c u l t  t o  

obtain i n  s m a l l  p i l o t  and bench-scale experiments. However, t he  ove ra l l  heat  of 

reac t ion  of t h e  process can be e a s i l y  calculated from well-known reac t ions  such 

as those exemplified by Equations (l), (2) ,  and (3). 
t h i s  study almost a l l  of t he  heat of react ion w a s  given o f f  i n  t h e  top  t h i r d  of 

t h e  c a t a l y s t  bed. This was b e s t  shown by the amount of cooling air required i n  

t h e  three sect ions.  I n  none of t he  runs was any cooling air  required i n  the 

lower o r  middle t h i r d  o f  t h e  reac tor  beds, while t h e  top  t h i r d  required up t o  

40 sc fh  of 25OC a i r  t o  cont ro l  t h e  ca t a lys t  bed a t  t h e  des i red  temperature (250 

I n  the  apparatus used i n  

t o  5 o o O c ) .  

g. Pressure Drop 

The pressure drop across t h e  c a t a l y s t  bed was qu i t e  l o w  

i n  a l l  runs when t h e  c a t a l y s t  was f a i r l y  new (see Table 7, R u n s  8, 22, 24, 26, 
and 35). However, after the c a t a l y s t  had operated f o r  appreciable lengths  of 

time a t  high temperatures and a t  low hydrogen/carbon monoxide mole r a t i o s ,  t h e  

carbon depos i t ion  on the c a t a l y s t  g rea t ly  increased the  pressure drop (see 

Table 7, Runs 13, 33, and 42).  
ca t ion  of carbon buildup on t h e  ca t a lys t .  

The pressure drop measurement was the best ind i -  

h. Catalyst  L i f e  

The useful l i f e  of Catalyst  C-0765-1005 was not accu- 

r a t e l y  determined i n  these  t e s t s .  Hcwever, judging by the  rate of pressure drop 
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increase across the catalyst bed during the various runs, its useful life would 
be somewhat limited at the low hydrogen/carbon monoxide mole ratios (less than 
3.75:l) and high space velocities (over 1000 hr ). It is believed that the 

increase in pressure drop was caused by carbon deposition on the catalyst. For 
-1 example, in Run 41, with a 3.69:l ratio and a 1480 hr 

pressure drop increased from 7.0 to 9.5 in. of water in 4 hours, a rate of 
about 8% per hour. At a 4:l ratio and a 500 hr-l space velocity, however, no 

measurable pressure drop was noted in several days of operation. 
controlled tests of long duration will be required to determine useful catalyst 

life. 

-1 

space velocity, the 

Carefully 

i. Catalyst Bed Depth 

These runs were made with a relatively deep catalyst 

bed (38.5 in.) as compared to 4 to 12 in. for most of the investigations found 
in the literature. This may, in part, be the reason why such high conversions 
to desired products were obtained in the work reported herein. 
note is the reconversion of carbon dioxide into methane and water. 

Of particular 

Table 8 presents representative gas analyses of samples 
taken from the intermediate catalyst bed sample points. These data indicate 
that although virtually all of the carbon monoxide was converted in the top 

section of the bed, the lower 2 ft of the bed were required to convert the 
carbon dioxide formed in the top 1 ft of the bed into methane and water. This 
ability to convert carbon dioxide to required product is most important. 

effort was made to eliminate this undesired by-product from the product gas. 
Every 

2. Catalyst C-0765-1001 

A series of 12 data-producing runs was made (Runs 45 to 49, 
and 51 to 57) with a second kind of catalyst, C-0765-1001 (50% Ni on kieselguhr, 
118 in. pellets). 
11, and Figures 10 to 13. 
(C-0765-1005) tested that nearly a month was spent evaluating it rather than 
investigating several other catalysts, as originally planned. 

The data for these runs are presented in Tables 9, 10, and 
This catalyst was so superior to the first catalyst 



a. Temperature 

Time d id  not permit a thorough study of t he  e f f e c t  of 

c a t a l y s t  bed temperature with Catalyst  C-0765-1001. Some c a t a l y s t  a c t i v i t y  was 

noted as low as 2OO0C and the  ca t a lys t  was found t o  be very ac t ive  a t  250°C so 

t h a t  very exce l l en t  conversions were obtained. 

made a t  a nom- c a t a l y s t  bed temperature of 25OoC, except Run 57 which was  

made a t  35OoC. 
increasing t h e  temperature a t  a 3 : l  hydrogen/carbon monoxide mole r a t i o  and a 

1500 h r  space veloci ty;  contrary t o  expectations, t he  conversion of carbon 

dioxide t o  methane and water decreased as the temperature w a s  increased. 

\ 
Therefore, a l l  of t h e  runs were 

\ 

An attempt w a s  made during Run 57 t o  increase the  conversion by 

-1 

b. Pressure 

The f irst  nine runs were made a t  atmospheric pressure.  

The conversions were near ly  complete a t  a 4:l r a t i o  even with space v e l o c i t i e s  

of 2000 hr . 
t h e  conversions decreased s u f f i c i e n t l y  t o  require  r a i s i n g  the c a t a l y s t  bed pres-  

sure. The las t  three runs were made a t  6.1 a t m  t o  approach complete conversion 

a t  a 3:l r a t i o .  I n  comparing R u n s  54 and 55 ( see  Table 10) it can be seen t h a t  

increasing the  pressure from 1 t o  6 a t m  decreased the carbon dioxide y i e l d  from 

0.8 t o  0.4% and correspondingly increased the  y ie lds  o f  water and methane. 

-1 It was only a t  lower hydrogen/carbon monoxide mole r a t i o s  tha t  

c. Hydrogen/Carbon Monoxide Mole Ratio 

The e f f ec t  of kydrogen/carbon monoxide mole r a t i o  on 
-1 conversion and y i e lds  can be seen i n  Figure 10. 

a t  25OoC, and 1.0 a t m ,  t h e  C-0765-1001 ca t a lys t  gave complete conversion of 

carbon monoxide and carbon dioxide until t h e  hydrogen/carbon monoxide mole r a t i o  

was decreased t o  less than 3.5:l. The carbon monoxide conversion remained com- 

p l e t e  but  t h e  carbon dioxide y i e l d  increased; a t  a 3:l r a t i o  the carbon dioxide 

y i e ld  was approximately 2$. 

A t  a space ve loc i ty  of 1000 h r  , 

A react ion,  performed under similar conditions using a 

1:l r a t i o ,  i n i t i a l l y  yielded a 1:l mole r a t i o  mixture of methane and carbon 

dioxide.  

release and carbon deposi t ion on the ca ta lys t .  

The reac t ion  gradually went out  o f  cont ro l  due t o  excessive heat 



The e f f e c t  of hydrogen/carbon monoxide mole r a t i o  or1 t h e  

product gas composition can be seen from Figure 11. No carbon monoxide could be 

detected i n  t h e  o u t l e t  gas for any of t hese  runs. Xitn in  t h i s  range, t h e  carbon 

dioxide content of t h e  gas increased logari thmical ly  as t h e  hydrogenlcarbon 

monoxide mole r a t i o  w a s  decreased below 3.5~1 ( t o  ca. 1.5% a t  3~1). 
r e t i c a l  product y i e l d  a t  a 3:l r a t i o  i s  100% methane, ($0 hydrogen. 

1001 ca t a lys t  gave 86% methane, 13% hydroger! a t  t h e  3:l r a t i o .  

b e t t e r  than t h e  68% methane, 28% hydrogen obtained using t h e  C-0765-1005 c a t a l y s t  

a t  t h e  same mole r a t i o  and space veloci ty ,  and a t  higher temperature and pressure.  

The theo- 

The C-0765- 
This was much 

d. Space Velocity 

Figure 12 shows how t h e  space ve loc i ty  a f f e c t s  the y i e l d  

of carbon dioxide under various conditions with t h e  i-0765-1001 c a t a l y s t .  

4:1 r a t i o ,  no carbon dioxide vas formed a t  space v e l o c i t i e s  up t o  2000 nr 
a 3:l r a t io ,  t h e  carbon dioxide y i e l d  increased rapidly as t h e  space ve loc i ty  

was increased above 1000 h r  . 

A t  a 

. -1 A t  

-1 

e .  Material Balance 

With t h e  exception of two runs, a l l  o v e r a l l  material 

balances fo r  t h e  runs with t h e  C-0765-1001 ca.talyst  ( s ee  Table 11) were under 

100%. Most of t h e  low material balances can be Et t r ibu ted  t o  low water recov- 

eries. Because t h e  c a t a l y s t  i s  known t o  be a good adsorbant f o r  water, it has 

been hypothesized tha t  some of t h e  was ter  i s  slowly adsorbed on t h e  c a t a l y s t .  I n  

order t o  prove t h a t  t h i s  w a s  t h e  case, a long d a r a t i c n  run (Run 49) vas made 

(see Figure 13). 
gradually increased throughout t h e  run (dotted l i n e ) .  

water production r a t e  a s  19.2 g/hour (ea.  96% o f  t h e o r e t i c a l ) .  A t  t h e  rate of 

increase of water production (0.01 g/hour), it would have taken about 100 hours 

before the  a c t u a l  water production rate equalled t h e  t h e o r e t i c a l  production rate.  

For long runs, t h e  water balance shouid be  no problem and it i s  hypothesized 

t h a t  t h e  sma.11 amount of  water adsorbed on t h e  c a t a l y s t  may help t o  preverlt 

carbon formation. 

The water produetion, whicn f luctuated about 20.5 g/hDur, 

A f t e r  39 hows t h e  l i q u i d  



f. Heat Balance 

I n  a l l  runs t h e  majority of t h e  heat  was re leased  i n  the  

top  t h i r d  of t h e  bed; however, i n  severa l  runs a t  high space ve loc i ty  (1500 o r  

200 h r - l )  and/or low hydrogen/carbon monoxide mole r a t i o s  (3:1), enough heat  

release took p lace  i n  the  second t h i r d  o f  the c a t a l y s t  bed t o  requi re  some cooling. 

A t  t he  h ighes t  space v e l o c i t i e s  (1500 and 1000 h r  ), temperature cont ro l  was very 

d i f f i c u l t ,  due t o  t h e  l a r g e  amount of c o d i n g  air required (up t o  100 s c f h )  t o  

maintain t h e  nominal c a t a l y s t  bed temperature. I n  f u t u r e  designs t h i s  problem 

w i l l  be solved e i t h e r  by providing mult iple  carbon monoxide en t ry  poin ts  o r  by 

providing mul t ip le  cooling f l u i ?  entrances.  

-1 

g. Pressure Crop 

The pressure drop across the  c a t a l y s t  bed with t h e  

p e l l e t i z e d  C-0765-1001 c a t a l y s t  was much lower (1/2 t o  1/4 a s  much a t  t h e  same 

space ve loc i ty  and pressure)  than it had been with the  4 t o  8 mesh C-0765-1005 

c a t a l y s t  (see Table 12). 

The pressure drop did not go up with time even a t  hydrogen/ 

carbon monoxide mole r a t i o s  as low as 3:l .  
without shutdown; t h e  pressure drop d i d  not increase a measurable amount during 

t h i s  prolonged period. The absence of  a pressure buildup indicated no carbon 

R u n  No. 49 w a s  continued f o r  31 hours 

I deposi t ion and a long, usefu l  ca t a lys t  l i fe .  

h. Catalyst  L i f e  

Cata lys t  C-0765-1001-1 was s t i l l  ac t ive  when it was 

removed af ter  14 runs (110 hours) .  

analyses on t h e  c a t a l y s t  before  and after use showed no carbon deposi t ion.  

A s  can be seen from t h e  t abu la t ion  below, 

Carbon Content of 
Catalyst  C-0765-1001-1 

Time (hr) (wt$J) 

0 5.08 
110, TOP 1/3 5.02 

110, Mid l /3  5 . 1 1  
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A s  s ta ted  previously, t he re  was no pressure buildup during the  run so  t h i s  would 

not be a l imi t ing  f a c t o r  on t h e  l i f e  of the  ca t a lys t .  However, impuri t ies  i n  t h e  

feed (discussed la ter)  may prove t o  be t h e  l imi t ing  f a c t o r  i n  t h e  l i f e  of  t h i s  

ca ta lys t .  Temperature cont ro l  i s  a l s o  very v i t a l  because carbon i s  d e f i n i t e l y  

deposited on the  c a t a l y s t  a t  higher (400 C and up) temperatures. 

would probably be extended i f  t h e  c a t a l y s t  bed operat ing temperatures were s t a r t e d  

low when the  ca t a lys t  i s  new and a c t i v e  and then gradually ra i sed  as t h e  c a t a l y s t  

a c t i v i t y  decl ines .  

0 Cata lys t  l i f e  

i. Catalyst  Bed Depth 

A t  low space v e l o c i t i e s  only the  top  inch or  two of t he  

ca t a lys t  bed was involved i n  the  major por t ion  of t h e  react ion.  

veloci ty  was increased more and more of t he  bed was involved u n t i l ,  a t  very high 

space ve loc i t i e s  and low hydrogen/carbon monoxide mole r a t i o s  (Pms 55 and 57), 
t he  f u l l  length of t h e  c a t a l y s t  bed was not ab le  t o  achieve complete conversion 

of carbon dioxide in to  methane and water. This i s  bes t  shown bv carbon dioxide 

gradients i n  t h e  reac tor  taken f o r  t he  various runs as reported i n  Table 13. 

A s  t h e  space 

Two addi t iona l  advantages of a deep c a t a l y s t  bed are: 

(1) it allows f o r  a margin of s a fe ty  as the  c a t a l y s t  ages and becomes l e s s  ac t ive ;  

and ( 2 )  it allows the  top  of the  bed t o  a c t  as a guard chamber t o  remove various 

ca t a lys t  poisons. 

3 .  Catalyst  C-0765-1003 

A t h i r d  and f i n a l  ca t a lys t ,  C-0765-1003 (15% nickel  deposited 

on kieselguhr, 5/32 in .  extruded p e l l e t s )  w a s  evaluated. The da ta  are presented 

i n  Tables 14, 1 5  and 16 (Runs 60 and 61 only) .  

a. Temperature 

The f i r s t  run was made a t  250°C and almost no conversion 

was obtained. 

hydrogen/carbon monoxide mole r a t i o  a t  6.1 a t m  and a 1000 h r  

During R u n  61 the  temperature was ra i sed  t o  near ly  4OO0C i n  an e f f o r t  t o  ge t  

good conversions a t  a 3 : l  r a t i o .  

y i e ld ,  95% CH4 y i e l d ) .  

A t  350°C (Run 60) exce l len t  conversions were obtained a t  a 4 : l  
-1 space ve loc i ty .  

Only f a i r  conversions were obtained (9% H20 
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b. Pressure 

The runs were made a t  6.1 atm i n  an attempt t o  ge t  maxi- 

mum conversions. 

c.  ~ Hydrogen/Carbon Monoxide Mole Ratio 

Good conversions were achieved a t  a 4:l r a t i o ,  but  only 

fair  conversions w e r e  obtained a t  a 3:l r a t io .  

d. Space Velocity 

Only a medium space ve loc i ty  (1000 h r - l )  w a s  t r i e d .  Cata 

l y s t  C-0765-1003 was  less ac t ive  than Catalyst  C-0765-1001; no other  space 

v e l o c i t i e s  were evaluated. 

e. Material Balance 

The material balances were exce l len t  f o r  t he  runs with 

Cata lys t  C-0765-1003. -Water was  not held up on t h e  c a t a l y s t  t o  near ly  as grea t  

an ex ten t  as it was on Catalyst  C-0765-1001. 

balances. 

This resu l ted  i n  b e t t e r  material 

f .  Heat Balance 

Most of the  heat  was released i n  the  top t h i r d  of  the  

c a t a l y s t  bed; however, an appreciable amount of heat  was a l s o  re leased  i n  the  

middle t h i r d  of t h e  ca t a lys t  bed during Run 61 ca r r i ed  out with a 3:l  r a t i o .  

g. Catalyst  L i f e  

The runs w e r e  t oo  short  t o  determine c a t a l y s t  l i fe .  

However, temperature changes during the  runs d id  ind ica t e  t h a t  t h e  top  t h i r d  of  

t h e  bed had started t o  l o s e  some a c t i v i t y .  

h. Catalyst  Bed Depth 

This c a t a l y s t  w a s  l e s s  a c t i v e  than Catalyst  C-0765-1001 
so t h a t  more of t h e  bed depth was used f o r  conversion a t  comparable space 

v e l o c i t i e s  and hydrogen/carbon monoxide mole r a t i o s .  



4. Impurit ies i n  t h e  Feed Gas 

Most c a t a l y s t s  a r e  known t o  be subject  t o  poisoning by various 

impurit ies.  

it w a s  necessary t o  determine t h e  extent  t h a t  t hese  and ot+er poisons can be 

to l e ra t ed  i n  t h e  r eac t an t  gases. 

Nickel is  known t o  be poisoned by s u l f u r  and phosphorus. Therefore, 

a. Sulfur  

Almost any form of s u l f u r  i n  t h e  reac tan t  gases w i l l  be 

converted t o  nickel  s u l f i d e s  and thereby poison t h e  c a t a l y s t  and reduce i t s  

a c t i v i t y .  

and i t s  s t a b i l i t y  i n  s t e e l  gas cylinders.  A high concentration of s u l f u r  i n  

the  hydrogen r eac t an t  gas (0.1 vol$ COS o r  59 grains  of su l fu r  per 100 s c f )  was 

used i n  these t e s t s .  This concentration is  approximately 1000 times t h e  normal 

allowable l i m i t  of su l fu r  i n  t h e  feed gas t o  Fischer-Tropsch un i t s  and permitted 

t h e  extent of  s u l f u r  poisoning of t h e  c a t a l y s t  t o  be determined i n  a r e l a t i v e l y  

sho r t  time (22 hours).  

Carbonyl s u l f i d e  ( C O S )  w a s  s e l ec t ed  f o r  evaluation f o r  convenience 

R u n  63b (see Tables 14, 15,  and 1 6 )  w a s  made with f r e s h l y  

reduced C-0765-1001 c a t a l y s t  t o  provide a b a s i s  f o r  comparison a t  a f a i r l y  high 

space veloci ty  and a low hydrogen/carbon monoxide mole r a t i o .  

with 0 .1  vol% COS i n  t h e  hydrogen stream. 

were taken af ter  22 hours of operation with 0.1 voi% carbonyl s u l f i d e  i n  t h e  

hydrogen stream. I n  t h i s  length of time, 3.08 g of s u l f u r  - equivalent t o  3.9 wt% 

of t h e  nickel i n  t h e  c a t a l y s t  - w a s  charged t o  the  c a t a l y s t  bed, and t h e  product 

gas composition had changed only s l i g h t l y  (CH4 y i e l d  dropped from 98.9 t o  98.2$, 

H20 y ie ld  dropped from 97.5 t o  96.4$, and CO 

During the progress of t h e  run, t h e  a e t i v i t y  i n  t h e  top  6 in .  of t h e  c a t a l y s t  

bed w a s  observed t o  gradually decrease. 

ment on the c a t a l y s t  column of t h e  major temperature peak. 

c a t a l y s t  a f t e r  t h e  run showed t h a t  almost a l l  of t h e  s u l f u r  w a s  removed i n  t h e  

f i r s t  6 i n .  of t h e  bed, leaving the  balarxe of t h e  32 i n .  f o r  near-normal con- 

ver s ion . 

Run 64 w a s  made 

The da ta  f o r  Run 64c (see Table 1 6 )  

y i e l d  increased from 0.95 t o  1.95%). 2 

'This w a s  evident by t h e  downward move- 

Analysis of t h e  



Column Sect ion Analysis 

0 t o  3 in .  of ca t a lys t  13.4 w t $  sulfur 

3 t o  6 in .  of ca t a lys t  10.0 w t $  su l fu r  

6 t o  9 i n .  of c a t a l y s t  1.0 wt$  su l fu r  

There was about 5076 nicke l  i n  the  ca t a lys t  a t  the beginning of the evaluation. 

Hence, t he  composition i n  t h e  f irst  3 in .  of the bed approaches N i  S which 

contains 26.6% sul fur .  
3 2’ 

b. Oxides of Nitrogen 

A newly reduced batch of c a t a l y s t  w a s  used f o r  Run 66 
(see Tables 14, 15, and 16)  i n  which 1 vel% nitrogen oxide (NO)  w a s  added t o  

t h e  hydrogen stream. 

7 hours of operation; a t  a 2.98:l hydrogen/carbon monoxide mole r a t i o ,  good 

conversion was obtained ( f o r  t h i s  low r a t i o ) .  The data f o r  Run 66c w e r e  taken 

a f t e r  about 10 hours of operation; at. a 3.44:1 ratic, conversions were 100% t o  

methane and w a t e r ,  showing tha t  the  c a t a l y s t  was not damaged. The  temperature 

peak d id  not progress down the  column during t h e  run. It w a s ,  therefore ,  con- 

cluded tha t  t h i s  ni t rogen oxide would not i n j u r e  the ca t a lys t .  

The data f o r  R u r ~  66b were taken after approximately 

The ni t rogen oxide was reduce3 under t h e  conditions of t h e  

react ion.  

runs. 

n i t rogen  material balances showed that about 75 wt$ of t h e  ni t rogen oxide was 

converted t o  ammonia, t h e  balance being converted t.0 nitrogen. 

About 2 w t $  ammonia was fmnd  i n  the  water condensed out from these 

Additional ni t rogen and ammonia were a l s o  found i n  tine vapor phase. The 

c. Phosphorus 

I n  Run 67 (see Tables 14, 15, and 16), 0.5 vol$ phosphine 

(PHJ) was added t o  the hydrogen stream. This run was stopped after less than 

3 hours of  operation, a t  which time t h e  ca t a lys t  a c t i v i t y  was f a l l i n g  and the 

pressure drop across  the r eac to r  was increasing rap id ly  (0 t o  30 in .  AP i n  

30 min). 

a t ion ,  t h e  conversion was s t i l l  good bu t  it was s t a r t i n g  t o  drop o f f  rapidly.  

Inspect ion of t h e  c a t a l y s t  from the  run showed that  t h e  majori ty  of t h e  phosphorus 

I n  Run 67b, i n  which the da ta  were taken after about 2 hours of oper- 
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w a s  deposited on t h e  f i r s t  t h i r d  of t h e  bed; t h e  second t h i r d  of t h e  bed con- 

ta ined  some phosphorus, and t h e  bottom almost none. The d a t a  show t h a t  phosphorus 

i s  a most a c t i v e  c a t a l y s t  poison and it w i l l  have t o  be removed from t h e  r eac t an t s  

p r i o r  t o  contact with t h e  n i cke l  c a t a l y s t .  

d .  Other Impurit ies 

Time d i d  not permit t h e  study of o ther  possible  poisons. 

High concentrations of water i n  t h e  r eac t an t s  are known t o  adversely a f f e c t  

column equilibrium i f  not t o  a c t u a l l y  poison t h e  c a t a l y s t .  

not a poison; it i s  normally present  t o  some extent  i n  t h e  product gases. Nitrogen 

gas and ammonia have a l s o  been present i n  low concentrations without damage t o  t h e  

c a t a l y s t .  

Carbon dioxide is  

5. Bare Tube Runs (No Ca ta lys t )  

A series of runs w a s  made without any c a t a l y s t  i n  t h e  r eac to r  t o  

determine whether thermal conversion i s  p r a c t i c a l .  The runs (68a, b, c and d, see 

Tables 14, 15, and 16, and Figure 14) were made with a low space ve loc i ty  (550 

h r  

(3.7:l) t o  obtain t h e  highest  possible  y i e lds .  

almost no conversion was obtained a t  500 C .  They show a l s o  t h a t  t h e  maximum carbon 

monoxide conversion (about 44%) w a s  achieved a t  about 700°C, and t h a t  a t  tempera- 

t u r e s  above 800 C t h e  conversion drops o f f  rapidly.  

carbon dioxide is very high (15 t o  25%), so t h a t  t h e  y i e lds  of methane and water 

are correspondingly low. Appreciable q u a n t i t i e s  of carbon (1 t o  2 g )  were found 

i n  t h e  tube a f t e r  t h e  runs so  t h a t  some cracking of t h e  carbon oxides and/or 

methane occurs a t  temperatures of 800 t o  900 C. 

not o f f e r  a so lu t ion  t o  t h e  problem a t  hand ( i .e . ,  t h e  quan t i t a t ive  reduction of 

carbon monoxide with hydrogen t o  methane and water). 

-1 ), high pressure ( 6 . 1  a t m )  and high hydrogen/carbon monoxide mole r a t i o  

The da ta  show (see Figure 1 4 )  t h a t  
0 

0 The y i e l d  (u l t ima te )  of 

0 This method of reduction does 

6. Discussion of Resul ts  

A l l  t h r e e  c a t a l y s t s  s tudied were found t o  ca ta lyze  t h e  reduct ion 

of carbon monoxide with hydrogen t o  form methane and water s u f f i c i e n t l y  w e l l  t o  

be useful i n  t h e  second s t e p  of  t h e  carbothermal process. 

indicated that thermal reduction of carbon monoxide t o  methane and water is  i m -  

pra.ctica1 for t h i s  process. 

The bare  tube r e s u l t s  
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O f  t h e  three c a t a l y s t s  studied, Catalyst  C-0765-1001 w a s  by f a r  

t h e  best one f o r  use i n  t h e  carbothermal process. it can operate successful ly  a t  

t h e  s toichiometr ic  hydrogen/carbon monoxide mole r a t i o ,  thereby using t h e  least 

amount of hydrogen and producing a product gas highest  i n  methane. 

capable of  y ie ld ing  a product gas cmta in ing  no carbon monoxide and l i t t l e  o r  

no carbon dioxide. These carbon oxides would a c t  as d i luen t s  i n  the  recycle  

stream. 

It i s  a l s o  
~ 

I 

I Fina l ly ,  Catalyst  2-0765-1001 operates a t  an unusually low temperature 

I which minimizes carbon formation, prolocgs ca ta lys t  l i f e ,  and produces iic higher 

molecular weight hydrocarbons o r  other  impurit ies i n  e i t h e r  t h e  gas o r  l i q u i d  

phase. 

Catalyst  C-0765-1001 contains a maximum quant i ty  of ac t ive  

I nicke l  ( 5 6  by weight) so  t h a t  .a given ca t a lys t  bed can t o l e r a t e  a maximum mount 

of impurity such as sulfur before it is  rendered inac t ive .  Although s u l f u r  w i l l  

have t o  be removed from the reac tan t  gases, t h e  to l e rab le  l e v e l  of su l fu r  may be I 
I 

I 

higher  than  once supposed. Phosphorus quickly poisons and degrades the c a t a l y s t  

so  that it should be completely scrubbed from the reac tan t  gases. 

nitrogen, i f  present  i n  t h e  reac tan t  gases, would be reduced. 

Oxides of. 

I 'The equipment which was designed and b u i l t  f o r  t h i s  program has 

proved t o  be very e f f ec t ive  and f l e x i b l e  for  t he  reduction of carbon monoxide and 

hydrogen. 

s u i t a b l e  f o r  lunar operat ion without major modifications.  

The equipment w i l l  have t o  be modified f o r  long-term t e s t s  and i s  not 

E. TASK 5 ,  PROCESS INTEGRATION 

1. The Aerojet  Carbothermal Process f o r  t h e  Manufacture 
of Oxygen from Lunar Minerals 

The Aerojet  carbothermal process f o r  the manufacture of  oxygen 

from lunar minerals (see Figure 1 5 )  i s  a three-s tep process i n  which hydrogen and 

methane ( o r  carbon) are continuously recycled. 

t inuously and oxygen and s l a g  would be the two major products. 

i n  the rock would be recovered. 

nuc lear -e lec t r ic .  

Lunar rock would be charged con- 

Any water present  

The energy source would be e i t h e r  solar o r  

Waste energy wodd be rad ia ted  i n t o  space. 
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;he f i r s t  s t ep  i n  t h e  carbotherinal prozess is  t h e  reduct iop of 

t h e  s i l i ca t e  mater ia l  (believe? t o  be a major p o r t i s n  o f  t h e  luner  mir-eraLs) with 

methane. 3emoastraticn of t h e  f e a s i b i l i t y  of t h i s  s t e p  vi11 be undertaken on an 

extension of  Zontract ?Jk3 7-22?,  A b r i e f  descr ip t ion  01' t h e  prc;cess and t h e  equip- 

I ment desigried f o r  t h i s  study i s  preserited i n  t h i s  s ec t ion ,  

The second s t e p  i n  t h e  %rhotnermal process i s  t h e  reduction of 

t he  carbon monoxide with hydrogen ts form metna~ie ( r ecyc le )  and w a t e r .  

b i l i t y  of t h i s  s t e p  has been demonstrated unequivocally on t h e  present  program. 

The equipment used i s  showx i n  Figures 1, 2 9  and 3. A continuing program i s  r e -  

quired t o  determine t h e  opera5ing cha rac t e r i s t iLs  of  t h e  hardware and t h e  c a t a l y s t  

over Frolonged time periods ( i . e . ,  60 t o  90 days of zsntinuous operat ion) .  

The feasi- 

Tne t n i r a  s t e p  i n  the cxbothermal process i s  tne  e l e c t r o l y t i c  

reduction o f  t he  wzter t o  hydrogen ( r zcye le )  and oxygen (proauct) .  Some of t h e  

major problemsin t h i s  s t e p  a r e  ( a )  reductior, i n  c e l l  weight, ( b )  increasing t h e  

c e l l  eff ic iency (lower o;rer-voltage), and ( c )  lower l a s s e s  o f  e l e c t r o l y t e  and/or 

e lectrcde.  Research an3 4evelopment ori t h i s  s t e p  i r ,  t h e  prccess shoula be i n i t i -  

ated promptly. 

2. In tegra t ion  o f  Steps 1 and 2 

After Steps 1 acrl 2 have been demonstrated seps r s t e ly ,  t h e  next 

s t e p  will be t h e  development or' a n  ir;tpgra.te? system. It w i l l  riot be necessary 

t o  include Step 3 i n  t h e  i r t e g r a t e d  plar,t a t  t3is time as tLe third s t e p  can be 

depended upon t o  produce 99.9% pure hydrogen xk,ich i s  not meesura-bly d i f f e r e n t  

from commercially ava i l ab le  hydrogen. 

Figure 16 shows a f l o v  diagram f a r  the  i n t e g r s t i o n  G f  Steps 1 

and 2. YydrDgen, carbon monoxice, and methane miJld be Lsed ts stsrt up Steps 1 

and 2 independer;tly. Then t h e  methane and carbon msnoxide wodd b e  shut o f f  and 

t h e  gases from Step 1 would be fed l i r e e t l y  ts Step  2 along with encugh hydrogen 

t o  make up for t h e  hydmgen t h a t  i s  l o s t  i n  t h e  production or' water, 

amounts of  e i the r  methace or  carbon monoxide would be added t o  make up f o r  any 

l o s s  of carbon. 

continuously by mesns of  a varisble-speed s o l i d s  feeder.  The s k g  w i l l  be re- 

moved in t e rmi t t en t ly  u t i l i z i n g  a heated valve o r  by continuous removal f a c i l i t i e s .  

Small 

The crushed rock (simulating lunar  minerals)  w i l l  be added 
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3. Design of the Reactor f o r  the Reduction of S i l i c a t e  
Minerals w i t h  Methane 

The s i l i c a t e  rock reduction furnace shown i n  Figure 17 was de- 

signed f o r  t h e  study of bas i c  engineering considerations.  

t he  methane and/or hydrogen i n t o  t h e  m e l t  have been ca re fu l ly  s ized f o r  v e l o c i t i e s  

and r a t e s  of gas feed as r e l a t e d  t o  equipment capaci ty  and reac t ion  period. 

Methane must be released from the  feed tube a t  a temperature below i t s  cracking 

Tubes (l)* carrying : 
I 

l 

I 

0 temperature, approximately 1000 C. 

Heat i s  supplied by means of induction e l e c t r i c a l  current ,  

450 kc frequency (2) .  

have minimum e f f e c t  on the e l e c t r i c a l  f ield.  

temperature of t he  tungsten c ruc ib le  ( 4 )  which will contain the  rock m e l t .  

The reac tor  materials accordingly have been se lec ted  t o  

A radiometer head (3)  controls  t he  

F a c i l i t i e s  are provided fo r  evacuating the  r eac to r  and purging 

Evacuation with argon before  feeding i n  the normal methane/hydrogen atmosphere. 

and argon purge w i l l  precede shutdown also.  

be i d l e  and valve (6) closed t o  the  system. 

The vacuum pump ( 5 )  w i l l  normally 

Fine regula t ion  of gas flow has been provided by manometers, 

pressure gages and o r i f i c e  p l a t e s  f o r  methane (7), and hydrogen (8). 
meter (9)  provides product gas measurement. 

A w e t  t e s t  

A gas chromatograph (10) monitors the carbon monoxide, hydrogen, 

and methane content of t h e  e x i t  gas. Water i s  extracted ahead of t he  chromato- 

graph by drying tubes (11). 

during i n i t i a l  melting of t he  rock, an a s c a r i t e  tube (12) i s  provided f o r  i t s  

quan t i t a t ive  co l lec t ion .  

o r  similar type of ana lys i s ,  t o  be made at  a d i f f e r e n t  locat ion.  

A s  carbon dioxide snould only be present ,  i f  a t  a l l ,  

A sample s t a t i o n  (13 ) provides f o r  mass spectrograph, 

The rock reac tor  i s  provided with temperature cont ro l  (14) a t  

i t s  midpoint. 

rock m e l t .  
An o p t i c a l  pyrometer (15 provides temperature ind ica t ion  f o r  t h e  

A thermocouple (15) provides temperature of gas i n l e t  t o  rock m e l t .  

* 
Numbers r e f e r  t o  coding system used i n  Figure 17 t o  label r eac to r  components. 
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The rock reductions will i n i t i a l l y  be s tudied by melting i n  
0 aluminum oxide (99.5% A1 0 

crucibles.  

ac t ing  as t h e  furnace l i n e r .  

tungsten crucible  and quartz re ta in ing  cyl inder  (17). 
remote l ens  and mirror (18). 
Cooling is  provided by air  streams plus  t h e  water-cooled induction c o i l  (19) and 

water condenser (20).  

s a f e t y  has been provided by using me ta l l i c  piping and valves as much as possible .  

A system pressure re l ief  i s  provided (21 ) .  

t h e  o u t l e t  gas l i n e  t o  pro tec t  t h e  system. 

working temperature 1950 C )  or zirconium oxide 
2 3’ 

These crucibles  (not shown) s i t  i n s i d e  t h e  tungsten c ruc ib l e  (4), 
Zirconia (16) i n s u l a t i o n  i s  provided between t h e  

The m e l t  i s  viewed by 

The rock reac tor  i s  enclosed by a Pyrex b e l l  jar .  

The r eac to r  i s  enclosed i n  a s a f e t y  shield.  Additional 

A flame a r r e s t e r  (22)  is  placed on 

IV . PERSONNEL 

The senior  staff  pr imari ly  assigned t o  t h i s  program w a s  comprised of  S. D .  

Rosenberg (Project  Manager), G.  A. Guter, F. E. Miller; M. Rothenberg, and 

G. R. Jameson. 
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TABLE 2 

REDUCTION OF CARBON MONOXIDE W I T H  
PRELIMINARY RUNS 

(PRODUCT GAS MALYSIS)~ 

HYDROGEN, 

Composition of Product Gas 

No. H2 H2° co cH4 c02 
nun 

5 65.4 1.20 0.50 32.0 0.9 
8 70.0 1.20 0.30 25.8 2.7 
9 63.5 1.20 0.20 30.9 4.2 

Three to s i x  gas samples were obtained during the course 
of each run, at 1- to 2-hour intervals. 
analysis resulting from these samples for each run is re- 
ported here. 
mass spectrometric analysis, excepting uater vapor. The 
water vapor concentration was assumed to be fixed by the 
condenser water temperature ( 10°C). This assumption was 
spot-checked periodically by vapor-phase chromatography 
and was found to be correct. 
for higher hydrocarbons; none were found. Liquid water 
samples were spot-checked for carbon-containing compounds; 
none were found. 

The average 

The composition of the gas was determined by 

Each gas sample was checked 

Table 2 



aa!u 
REDUCTfOlO OF CARBOB HOHOXIDE WITH HYDROGEN, 

PRELIHIHARY RUNS 
(CO CCMVERSIOH AHD PRODUCT YIELD) 

HOlcilU31 Actual 
Catalyst Overall Product Yield 

Space Bed Haterial co (mol&) 
Run Hole Velocitya. Balance Conversion 
Bo . -- 

5 '4.2 503 - 100 98.6 90.1 94.1 3.2 
85.5 81.7 8.5 8 4.0 503 278 101 99.4 

9 4 -0 503 285 101 99.4 88.0 79.4 10.8 

Standard cu ft/hr of reactants 
cu ft of catalyst Space Velocity = a 

Average of the top, mid, and botta temperature points of the catalyst bed. 

Based on total of l iqu id  aad gaeeoue fractions. C 
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EUn 
NO 

10 
11 
12 
13 
18 
19 
20 
21  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
35 
36 
38 
39 
40 
41 

- 

azdiu 
REDUCTION OF CARBON HONOXIDE WITH HYTWGEN, 

CATALYST C-0765-1005 
(PRODUCT GAS AHALYSIS)~ 

58.97 
50 47 
52 . 16 
50.95 
45-80 
51.68 
48.51 
34.55 
41.45 
43.36 

56.82 
54.66 
54.65 
25 54 
31-23 
92-97 
55.56 
50.72 
33.75 
53.76 
53.55 
53.73 
50 57 
52.06 
47.89 

60.91 

Corposltlon of Product G m  

1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
0.17 
0.20 
0.20 
0.20 
0.20 
1.21 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.38 
9.34 
0.39 
0.52 
0.33 
0.24 
0.30 
0.50 
0.52 
0.59 
0.69 
0.02 
0.01 
0.01 
0.12 
0.07 
0.02 
0.08 
0.03 
0.12 
0.01 
0.01 
0.03 
0.03 
0.02 
0.15 

35.84 
46.86 
45.42 
44.54 
51.67 
46.54 
48-96 
56.82 
50.81 
40.85 
33.70 
39.12 
45.u 
44 . 95 
69 42 
66.47 
65.89 

48.72 
62.78 

41.85 

45 91 
46-14 
45.67 
48.43 
47.12 
49.76 

c02 

3.59 
1.13 
0.82 
2.70 
0.99 
0.33 
1.02 
6.93 
6.01 
5.99 
3.49 
2-83 
0.02 
0.20 
4.72 
2.03 
0.92 
1.30 
0.33 
3.15 
0.10 
0.10 
0.37 
0.77 
0.60 
2 .oo 

a Three t o  s i x  gar, samples uere obtained during the course of each run, 
a t  1- t o  2-hour Intervale. The average analysis result ing from these 
samples for each run ie reported here. 
d e t e d n e d  by meas spectrometric analysis, excepting water vapor. 
water vapor concentration was assumed t o  be fixed by the condenser 
water temperature (10°C ) . 
by vapor-phase chromatography and w a s  found to  be correct. 
first 24 runs CO determinations were made by 1pas8 spectrometric analy8is. 
In subsequent rima CO analyses were made by gas chromatic methods which 
uere found t o  be more sensit ive to  the extremely low concentrations of 
CO obtained. Gas samples were checked for higher hydrocarbons; none 
were found. Liquid uater samples uere checked for carbon-containing 
compounds; none were found. 

The composition of the gaa w a e  
The 

T h i s  assumption was spot-checked periodically 
During the 

Table 5 
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2@Kz 
EFFECT OF REACTION T m  ON CATALYST BFJ) PBBssuRg DROP, 

CATALYST C-0765-1005 

mn 
Ro . 
8 

22 

24 
26 

35 

- 

13 
33 
42 

Space Velocity Bed Pressure 
(br-1) (at=) 

503 1.0 

T18 1.0 
lo00 1.0 

lW 7.1 
9% 6.1 

503 
996 

350 

1.0 
6.1 

1.0 

Pressure Drop 
AP 

(in. of H20) 

2.0 

3.5 
8.7 
7.0 

7.5 

2.8 

110 
15.0 

Table 7 



Run 
No. 

10-4a 
10-4b 
10-4c 

11-6a 
11-6b 
11-6~ 

- 

19-3a 
19-3b 
19-3c 

27-a 
27-b 
27-c 

32-a 
32-b 
32-c 

40-8 
40-b 
40-c 

TABLE 8 

REACTION GAS  COMPOSITION^, 
CATALYST C-0765-1005 

Gas Composition 
Sample 

Location 

TOP 
Mia 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Mia 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Mid 
Outlet 

TOP ma 
Outlet 

(VOlS) 
c02 - - CH4 - co H2 - 

70.6 0.4 18.8 4.9 
61.1 0.4 34.1 3.9 
58.2 0.3 37.3 3.6 

- - 6.8 - 2.4 
54.5 0.3 43.5 1.1 

- - - 

4.2 - - - 1.0 
54.6 0.01 44.9 0.2 

- - - 

- 4.5 - - - 1.0 
50.7 0.03 48.7 0.3 

- - 

Gas samples were removed from the reactor, 12 and 24 in.  from 
the top  of the catalyst  bed, respectively, and analyzed. The 
resu l t s  are compared with the product gas analysis, 

a 
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TABLE 10 

REDUCTION OF CARBON MONOXIDE WITH HYDROGEN, 
CATALYST C-0765-1001 

(PRODUCT GAS ANALYSIS ) 

Composition of Product Gas 

45 
46 
47 
48 
498 
51 
52b 
53 
54 
55 
56 
57 

49.4 1.20 
49.4 1.15 
51.5 1.15 
48.4 1.15 
50.8 1.15 
53.0 1.15 
8.9 1.14 

38.5 1.14 
17.7 1.14 
9.3 0.20 

12 .o 0.20 
18.9 0.20 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

49.4 
49.4 
47.3 
50.4 
48.1 
45.9 
91.5 
60.4 
80.5 
90.2 
86.6 
78.6 

0.00 
0.00 
0.00 
0.05 
0.00 
0.00 
3.50 
0.00 
0.65 
0.35 
1.27 
2.25 
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TABU 12 

CATALYST BED PRESSUBE DROP, 
CATALYST C-0765-1001 

RUn 
NO. 

45 
46 
47 
40 
49 
51 
52 
53 
55 
57 

- 

Table 12 

Space Velocity 
b - 1 )  

500 
750 

lo00 
1480 
lo00 
2000 

1000 
lo00 
1500 

ai0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 .o 
1.0 
6.1 
6.1 

Preesure Drop 
AP 

( in .  of H20) 

1 
1 
2 
3.5 
2 
6 
1.5 
1.5 

> 1  
2 



TABLE 12 

BELLCTMT C U  CARBON DIOXIDE C O N "  VERSUS CATALYST BED DEPTH, 
CATALYST C-0765-1001 

Bun 
HO . 
45 
46 
47 
48 
51 
55 
57 

- 
Spac. 

VelociQ 
b - 1 )  

500 
750 

lo00 
1481 
2010 
lo00 
1500 

~~~ 

Top Third 

0.4 

2.7 
4.6 
3 e 8  
4.9 
6.1 

1.6 

co2 Analysis 

(vol PI 
Nid Third 

0.0 
0.0 
0.3 
0.8 
0.2 
1.0 
3-6 

Outlet 

0.00 
0.00 
0.00 
0.05 
0.00 
0.35 
2.25 

- 
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TABLE 15 

REDUCTION OF CARBOlo MONOXIDE WITE HYDROGEE 
(PRODUCT GAS ANALYSIS) 

RWl 
NO . 
60 
61 

- 

6% 
64C 

66b 
66c 

67b 

688 
68b 
68c 
68d 

Composltion of Product Cas 
(yolk) 

c02 H$ - *2 - -  CHI co - - H2 =2O - -  
53.9 0.20 0.0 45.7 0.2 - - 
16.4 0.20 0.01 79.2 4.1 - - 
6.0 0.20 0.0 92.9 0.9 - - 

1.6 - - 5.0 0.20 0.0 93.2 

4.0 0.20 0.0 93.3 1.8 0.2 0.5 
21.8 0.20 0.0 77.2 0.0 0.3 0.5 

10.0 0.20 0.0 88.4 1.4 - - 
- - 71.0 0.20 16.9 8.7 3.2 

70.9 0.20 16.9 
71.0 0.20 15.9 10.9 1.9 - 
75.0 0.20 18.6 5.2 1.0 

2.6 - - 9.5 - - - 

Table 15 
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563-1252 

Plow Reactor for Reduction of CO with H During Construction 
Figure 2 2 



2 Figure 3 
Flow Reactor for Reduction of CO with H 
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HJCO Mole Ratio In Reactant Can 
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45OoC Nominal Catalyst Bed Temperature 

Figure 9 
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